This study investigated S-cone discrimination using a test annulus surrounded by an inner and outer adapting field with systematic manipulation of the adapting l L∕L M or s S∕L M chromaticities. The results showed that different adapting l chromaticities altered S-cone discrimination for a high adapting s chromaticity due to parvocellular input to the koniocellular pathway. In addition, S-cone discrimination was determined by the combined spectral signals arising from both adapting fields. The "white" adapting field or an adapting field with a different l chromaticity from the other fields was more likely to have a stronger influence on discrimination thresholds. These results indicated that the two cardinal axes are not independent in S-cone discrimination, and the two adapting fields jointly contribute to S-cone discrimination through a cortical summation mechanism.
INTRODUCTION
The early stage of chromatic processing is mediated by two anatomically distinct retinogeniculate pathways, the parvocellular (PC) and koniocellular (KC) pathways [1, 2] . The PC pathway mediates the spectral opponency of L and M cones and contributes to red-green color vision. Four subgroups of PC cells have been identified, i.e., L∕ − M, −L∕ M, M∕ − L, and −M∕ L cells. The KC pathway takes the difference between S-cone and L-, M-cone signals and contributes to blue-yellow color vision. The link between the two retinogeniculate pathways to psychophysics is well established using an equiluminant cone-based chromaticity space [3] or its derivative [4] . In a cone-based chromaticity space, the horizontal axis L∕L M represents the variation of relative L-versus M-cone stimulation at equiluminance, while the vertical axis S∕L M represents the variation in S-cone stimulation. Physiological recordings [5] [6] [7] indicate that PC and KC cells have preferred responses to L∕L M and S∕L M signals, respectively.
One fundamental question in color vision is whether the two cardinal axes in a cone-based chromaticity space are independent. Primate retinal ganglion cell recordings suggest there is negligible S-cone input to midget ganglion cells in the PC pathway and little L∕L M input to the bistratified ganglion cells in the KC pathway [7] . However, S-OFF neurons in the macaque lateral geniculate nucleus (LGN) show L-cone signals oppose the combination of S-and M-cone signals [8] . In the primary visual cortex of primates, there are cells that prefer noncardinal color axes [9, 10] . Psychophysical studies have also reported the interaction between the two cardinal axes, including chromatic contrast matching [11, 12] , chromatic discrimination [13] [14] [15] [16] [17] [18] , color image classification [19] , wavelength discrimination [20] , chromatic induction [21] , and color filling-in [22] . The existence of noncardinal color phenomena is thought to be mediated by higher-order cortical mechanisms (see review [23, 24] ).
Chromatic discrimination is a useful tool for understanding the mechanisms of color vision. It has been reported that L-or M-cone excitations from long-wavelength lights can have input to the S-cone pathway [18, 25] . A recent discrimination study indicated that the two cardinal axes are not independent in L∕M discrimination [14] . However, typical chromatic discrimination experiments have been conducted in the presence of one adapting field. Chromatic discrimination in the presence of two or more adapting fields demonstrated different results from studies using one adapting field [26] [27] [28] [29] . How multiple adapting fields contribute to chromatic discrimination is not well understood. In a recent study, L∕M discrimination was measured in an annulus surrounded by inner and outer fields [30] . It was found that L∕M discrimination thresholds were determined by contributions from both adapting fields. When none of the adapting fields were "white," the adapting field where the observer fixated always had a larger contribution to L∕M discrimination. However, when one adapting field was "white," the "white" field was always weighted more heavily than the other adapting field in determining discrimination thresholds. These L∕M discrimination results could not be accounted for by adaptation to the weighted average of two adapting chromaticities. Instead, the data were well described by a model based on the responses of midget ganglion cells in the PC pathway, which determined threshold by a summation of weighted PC-spectral responses between the test and each of the adapting fields separately. Since opponency between the test and two adapting fields is generated at the ganglion cell level and a nearly one-to-one projection from the ganglion cell level to the LGN [31] , the summation of the two opponency signals needs to originate at a cortical site. In this sense, the L∕M discrimination results suggest that a cortical mechanism determines the relative contributions from different adapting fields. It is unknown whether similar results can be obtained for S-cone discrimination. Therefore, the purpose of this study was to investigate whether the two cardinal axes were independent in S-cone discrimination and how two adapting fields contributed to determine discrimination thresholds.
OBSERVERS
The author, DC (male, age 43 years), and another observer, JG (male, age 20 years), participated in the study. Both have normal color vision (assessed by the Neitz OT anomaloscope) and hue discrimination (assessed by the Farnsworth-Munsell 100-hue test). Observer JG was unaware of the purpose and design of the experiment at the time of data collection. All experimental procedures were approved by the University of Illinois at Chicago Institutional Review Board.
EQUIPMENT
The stimuli were generated using an iMac computer with a 10 bit video card to control a 17-in. NEC CRT color monitor at a refresh rate of 75 Hz. The CRT was well calibrated by measuring the spectral outputs of the red, green, and blue guns of the CRT using a Photo Research PR-670 Spectrophotometer. An International Light photometer IL-1700 measured the light outputs at 1024 steps to establish linearity of each gun and also verified the 10 bit resolution of the video card. The 10 bit video card can provide a resolution of 0.005 in S∕L M resolution for an equiluminance stimulus, while the minimum threshold in the experiments was in the range of 0.03 in S∕L M, which was six times the S∕L M resolution of the video card. In other words, the video card is sufficient for measuring S-cone discrimination.
STIMULI
The spatial configuration (Fig. 1A) included a 2°wide annulus (inner diameter, 12°; outer diameter, 16°) surrounded by a circular inner (12°in diameter) and an outer rectangular (full size of the CRT monitor) adapting field. The two adapting fields in the stimulus configuration did not have direct contact to avoid potential interactions between the two adapting fields that may affect chromatic discrimination in a complex way. A black cross (0.14°) served as the fixation point, set in the center of the inner field. A fan-shaped test patch with a central angle of 0.36 radians (20°) sat on the annulus, crossing the horizontal axis of the stimuli.
The luminance of the stimuli was 13.0 cd∕m 2 (124.6 effective trolands (Tds) [32] ). At this light level, it is possible that rods are active. However, rod contribution to the KC pathway was near zero at retinal illuminance higher than 20 Tds [33, 34] . Heterochromatic flicker photometry (HFP, 12.5 Hz) was used to establish equiluminance for each observer. Stimulus chromaticities were defined in a relative cone troland space [4] in which an equal-energy-spectrum light had a chromaticity of l L∕L M 0.665 and s S∕L M 1.0. The s chromaticity of the annulus was chosen from the following: 0.6, 0.8, 1.0, 1.2, or 1.6. The inner or outer field had s chromaticity of 0.6, 1.0, or 1.6. The inner and outer fields may have had the same l, s chromaticities depending on the design for different experiments. In Experiment 1, all three fields had the same l chromaticities, i.e., 0.625, 0.665, or 0.705, with equal inner and outer fields having the same s chromaticity of 0.6, 1.0, or 1.6. In Experiment 2, the inner and outer fields had the same s chromaticities, but one adapting field had a different l chromaticity from the other adapting field and the annulus. In Experiment 3, all three fields had the same l chromaticities of 0.665, and the inner and outer fields had different s chromaticities. The chromaticities used in the study are shown in Fig. 1B .
PROCEDURE
At the beginning of a session, observers dark-adapted for 60 s. A session consisted of the presentation of one pair of adapting fields with five annulus chromaticities. For each annulus chromaticity, observers adapted for 30 s. S-cone discrimination was measured using a spatial two alternative forced choice Fig. 1 . A, stimulus spatial configuration; B, chromaticities. A, a 12°inner diameter − 16°outer diameter annulus was surrounded by an inner circular field and an outer rectangular field. A "" (0.14°) served as fixation, which was located in the center of the inner field. The test patch was a section of the annulus with a central angle of 20°. B, stimulus chromaticities. The test annulus had an s chromaticity of 0.6, 0.8, 1.0, 1.2, or 1.6 and l chromaticity of 0.625, 0.665, or 0.705. The chromaticities of the adapting fields were "yellow"-"green" (l, s 0.625, 0.6), "green" (l, s 0.625, 1.0), "blue" (l, s 0.625, 1.6), "yellow" (l, s 0.665, 0.6), "white" (l, s 0.665, 1.0), "purple" (l, s 0.665, 1.6), "orange" (l, s 0.705, 0.6), "red" (l, s 0.705, 1.0), and "pink" (l, s 0.705, 1.6).
(2AFC) random double staircase procedure with one staircase for an increment and the other for a decrement in s chromaticity. During each trial, the fan-shaped test patch was randomly presented to the left or right. The s chromaticity change was presented in one cycle of a 1.5 s raised cosine window to minimize temporal transients or possible after-images. This stimulus presentation method has been used in other studies on S-cone discrimination [35] . Observers were instructed to maintain fixation during a trial and to identify the location of the test by pressing buttons on a gamepad sensed by the computer. The staircase procedure continued until 10 reversals occurred for each staircase. The last six reversals were averaged and were considered as the threshold estimate. The staircase procedure was then repeated for another annulus chromaticity. Each session lasted about 20 min. Each session was repeated four to five times on different days.
EXPERIMENT 1: S-CONE DISCRIMINATION WITH EQUAL INNER-OUTER ADAPTING l AND s CHROMATICITIES A. Rationale and Design
If there were no interaction between the l and s axes, the measured S-cone discrimination function would not be affected by varying l chromaticities for the same s adapting chromaticity. To test for interaction, the l chromaticity for all three stimulus fields (the inner, outer adapting fields and annulus) was set as identical: 0.625, 0.665, or 0.705. The s chromaticities of the adapting fields were 0.6, 1.0, or 1.6, leading to 9s inner-outer field pairs [for s 0.6, "yellow green"-"yellow green" (l 0.625), "yellow"-"yellow" (l 0.665), and "orange"-"orange" (l 0.705); for s 1.0, "green"-"green" (l 0.625), "white"-"white" (l 0.665), and "red"-"red" (l 0.705); and for s 1.6, "blue"-"blue" (l 0.625), "purple"-"purple" (l 0.655), and "pink"-"pink" (l 0.705)].
B. S-Cone Discrimination Model 1. Model 1 for One Adapting Chromaticity Assuming Independence between Two Cardinal Axes
The model of S-cone pathway spectral processing is based on the spectral response of primate bistratified ganglion cells in the KC pathway [35, 36] . The model postulates two sites of adaptation in the KC pathway, i.e., first, a multiplicative gain in the cone receptors and, second, a negative feedback in the opponent pathway following spectral opponency of S-cones and the sum of L and M cones [37, 38] . A schematic diagram of the model is shown in Fig. 2 . In addition, the model assumes that the two cardinal axes are independent. That is, there is no PC-pathway input for differential L-and M-cone spectral processing to KC-pathway processing. The details of the mathematical implementation are as follows.
Step 1: Cone responses The cone responses to a light of given L-, M-or S-cone trolands are given by
(1)
where L, M, and S are cone trolands and l max ( 0.63721), m max ( 0.39242), and s max ( 1.6064) are maximal sensitivities of the Smith and Pokorny [39] cone fundamentals. The cone responses are subject to multiplicative sensitivity regulation (gain control):
where L A , M A , and S A are the cone trolands at the adapting chromaticity in the surround and k 1 and k 2 are constants. The value of k 1 is about 0.33 Td, and the value of k 2 is about 0.5 [40] .
Step 2: S-cone pathway spectral opponency The spectral opponent term for the S∕ − L M cell is given by
where L T , M T , and S T are cone trolands of the test chromaticity, k 3 is the surround strength of the opponent signal and has a value of 0.6 [35] , and p refers to the relative weight of L cones in the MC pathway for a Judd observer and has a value of 0.6189. The spectral opponency signals are subject to subtractive feedback, which is determined by the strength of the opponent signal at the adapting chromaticity:
where OPP C is the spectral opponent signal to a chromaticity change, C, from a fixed adapting chromaticity, A, to a test chromaticity, T. OPP T is the spectral opponent term at the test chromaticity, OPP A represents the spectral opponent term at the adapting chromaticity, k 4 represents the subtractive feedback strength (k 4 0.8 [35] ), and k 5 (for the adapting s chromaticity of 0.6 or 1.0, k 5 1; for the adapting s chromaticity of 1.6, k 5 0.2 [35] ). If C 0 (i.e., the test and adapting chromaticities are equal), then OPP T is substituted by OPP A in Eq. (8). Step 3: KC-pathway spectral contrast responses The response of a spectral opponent cell to a chromaticity change, C, from a fixed adapting chromaticity, A, is
where OPP C is a spectral opponent term in Eq. (8), R max is the maximum response, and SAT represents the value of the spectral opponency signal (OPP C ) for achieving half of the maximum response. Contrast gain is defined as R max ∕SAT, the derivative of Eq. (9) at zero OPP C .
Step 4: S-cone discrimination threshold determination Given that the criterion for discrimination δ is small relative to R max , the threshold of chromatic discrimination based on S-cone excitation can be deduced by the derivative of R OPP in Eq. (9):
where S th represents δ∕R max , a vertical scaling factor for sensitivity. In Eq. (10), S-cone discrimination is determined by three terms, the first (S th ) related to the criterion and maximum response, the second (GS A ∕s max ) related to S-cone gain control at the photoreceptor level, and the third related to the response to spectral opponency OPP C SAT 2 ∕SAT. There are two free parameters in this model, S th and SAT. This model has been successfully used to describe S-cone discrimination data in the presence of one adapting field [35] .
Model 2 for One Adapting Chromaticity Assuming PC Input to the KC Pathway
The model presented in Eqs. (1)- (10) assumes there is no interaction between the two cardinal axes. To account for potential PC inputs to the KC pathway, Eq. (8) is revised to incorporate PC-spectral input to the KC pathway:
where OPP CKC and OPP AKC represent the KC-spectral signals from the test and adapting fields and are calculated by Eq. (7), and α is the weight of the PC-pathway spectral signal for PC-input strength, OPP CPC . The linear combination of the PC-and KC-spectral signals is consistent with the finding from color filling-in experiment [22] . The PC-pathway spectral signal for a (L∕ − M) cell is computed as
The spectral signal for a (M∕ − L) cell is calculated similarly to Eq. (9) and (10) were applied to the value from Eq. (11) for fitting S-cone discrimination data with three free parameters, S th , SAT, and α.
Model Fits
S-cone discrimination data with equivalent chromaticities in both adapting fields were fitted for both models using Eq. (10) with a common parameter value of SAT for the data with one adapting l chromaticity for all three s adapting chromaticities. The parameters were searched by minimizing the residual sum of squares.
C. Results Figure 3 shows S-cone discrimination thresholds (in log S-cone Tds) as a function of annulus S-cone Tds with an adapting s chromaticity of 0.6 (top panels), 1.0 (middle panels), or 1.6 (bottom panels) for the two observers. Each panel shows discrimination functions at the three l adapting chromaticities for the same s adapting chromaticity. The patterns for the adapting s chromaticity of 0.6 and 1.0 were similar to those previously reported; that is, the minimum threshold occurred at the adapting chromaticity. The discrimination function for the adapting s chromaticity of 1.6 was largely flat except with a low adapting l chromaticity ( 0.625) and low annulus S-cone Td. The model assuming independence between the two cardinal axes failed to account for all of the data, particularly those at a high s (1.0 or 1.6) or a low adapting l chromaticity (Fig. 3A) , with low or even negative R 2 (proportion of variance explained) for those conditions (see Table 1 ; a negative R 2 at s 1.6 indicates poor model performance because a model without considering PC input could never achieve a negative slope for adapting s 1.6). The model with PCpathway input to the KC pathway improved the fitting for those conditions ( Fig. 3B ; also see Table 1 ). For the s adapting chromaticity of 0.6, the input strength from the (L∕ − M) signal to the KC pathway was zero or near zero ( Fig. 4 ; also see Table 2 ) for both observers. For the s adapting chromaticity of 1.0 or 1.6, the input strength decreased with increasing l adapting chromaticity (Fig. 4) . These results suggested that there was an input from (L∕ − M) cells to the KC pathway in determining S-cone discrimination thresholds. In addition, the fitted value of SAT changed with different l adapting chromaticities (Table 2) , suggesting KC-pathway contrast gain was influenced by the strength of PC responses. Specifically, the value of SAT was the lowest for the l adapting chromaticity of 0.665 with a weak PC response (the calculated response was 0.2 or 01.79 for the "L∕ − M" cells and "M∕ − L" cells, respectively) and then increased with a stronger PC response at a higher l (mediated by "L∕ − M" cells with the calculated response of 0.348) or lower l (mediated by "M∕ − L" cells with the calculated response of 0.337) adapting chromaticity ( Table 2 ). The modeling results indicated a reduction in KCpathway contrast gain with a stronger PC-pathway response. However, in Experiment 1, there was no l contrast between the test and adapting fields. It is unknown whether S-cone discrimination is altered in the presence of an l contrast. It is known that the S-cone pathway has poor spatial location information [41, 42] . It is likely that adding an l contrast will improve S-cone discrimination due to enhanced edge information [42, 43] . If edge information was important in Scone discrimination, the adapting field with a different l chromaticity would play a more dominating role. To test this, Experiment 2 measured S-cone discrimination with the annulus and one adapting field having a fixed l chromaticity of 0.665 and the other adapting field having an l chromaticity of 0.625 or 0.705. Therefore, the test annulus had l contrast with one adapting field only. Four inner-outer field pairs were tested at each of three levels of s [for s 0.6, two pairs with l 0.625 and 0.665, and two pairs with l 0.705 and 0.665; for s 1.0, two pairs with l 0.625 and 0.665, and two pairs with l 0.705 and 0.665; and for s 1.6, two pairs with l 0.625 and 0.665, and two pairs with l 0.705 and 0.665; see Fig. 1B] .
EXPERIMENT 2: S-CONE DISCRIMINATION WITH AN EQUAL INNER-OUTER ADAPTING

B. Models for Two Adapting Chromaticities
To model S-cone discrimination with two adapting fields with different chromaticities (A 1 with cone excitations of L A1 , M A1 , and S A1 and A 2 with cone excitations of L A2 , M A2 , and S A2 ), the model described in Eqs. (1)- (12) needed to be extended to account for the two adapting chromaticities. We have previously demonstrated that, with L∕M discrimination in the presence of two adapting fields [30] , a retinal integration model assuming the spectral opponency signal generated by the test cone excitations and weighted average of cone excitations from the two adapting fields failed to account for the contributions from two adapting fields. Instead, a cortical integration model assuming the test field generates spectral opponency separately in relation to each of the two adapting fields, with the resulting opponency signals subsequently combined, was adopted. As the results in Experiment 1 showed PC-pathway input to the KC pathway, the spectral signal along one edge was computed using Eq. (11). Mathematically, spectral opponency signals are generated separately for the test and each of the two adapting fields,
where OPP C1 and OPP C2 are opponency signals generated between the test and A 1 and between the test and A 2 , respectively. Then the two opponency signals are pooled,
where ω 1 and ω 2 (1 − ω 1 ) are relative weights of the two opponency signals and Q is the quick-pooling parameter.
The fitted Q values were between 0.65 and 1.348 for L∕M discrimination [30] ; therefore, for S-cone discrimination, Q was set to be 1.0 to avoid over parameterization. The log transformation of the weight ratio, D logω 1 ∕ω 2 , can be considered as an inner-outer dominance index, because if D > 0, then the inner adapting field dominates the outer field in determining chromatic discrimination, while if D < 0, then the outer field dominates. Finally, the pooled opponency signal is subject to a chromatic contrast response:
The spectral responses along two edges (OPP C1 and OPP C2 ) were derived from Model 2 with the same PC input strength and then fed into Eq. (15) . There were four free parameters that included common parameters for both pairs, including L th , SAT, and one weight parameter, ω 1 , for each pair.
C. Results
The S-cone discrimination functions for the adapting l chromaticity combination of 0.625 and 0.665 are shown in Fig. 5A , and those for the adapting l chromaticity combination of 0.705 and 0.665 are shown in Fig. 5B . Each panel consists of two inner-outer pairs that swapped chromaticities in the inner and outer fields. The S-cone discrimination functions were similar whether the different l chromaticity was set in the inner or outer field. Compared with the results in Experiment 1 with equal inner-outer chromaticities, an l difference in one adapting field changed the S-cone discrimination function, suggesting both adapting fields may contribute to the measured threshold. Since for the s adapting chromaticity of 0.6, there was no PC input based on Experiment 1's analysis ( Fig. 4 and Table 2 ), there was no need to implement Eqs. (13)- (16) because two adapting fields resulted in the same KC-pathway spectral responses. However, the presence of a different l chromaticity in one adapting field increased the fitted SAT values compared with the SAT values for the "yellow"-"yellow" pair in Experiment 1 (Table 2) , suggesting an l contrast along one edge reduced KC-pathway contrast gain. When the adapting s chromaticity was 1.0 or 1.6, the fitted SAT values were either equivalent to or larger than the SAT value for the "white"-"white" or "purple"-"purple" pairs in Experiment 1 ( Table 2 ). The model fits based on Eqs. (13)- (16) indicated that for the inner-outer pairs without a "white" adapting field, the adapting field with a different l chromaticity from other fields always dominated the contribution, while for the pairs with a "white" adapting field, the "white" field always dominated the contribution ( Table 2 ). The dominance pattern was similar to those observed in L/M discrimination using the same stimulus configuration [30] .
EXPERIMENT 3: S-CONE DISCRIMINATION WITH AN EQUAL INNER-OUTER ADAPTING l CHROMATICITY BUT A DIFFERENT s CHROMATICITY
A. Rationale and Design Experiment 2 indicated that in the presence of an l contrast along an edge, S-cone discrimination depended on the contributions from both adapting fields, with the field having a different l chromaticity providing a dominating role. Experiment 3 further examined the inner-outer contributions but with the two adapting fields having different s chromaticities. The l chromaticities were set at 0.665 in all three fields. There were six inner-outer pairs, including "purple"-"yellow" (s 1.6 and 0.6, respectively), "yellow"-"purple" (s 0.6 and 1.6, respectively), "purple"-"white" (s 1.6 and 1.0, respectively), "white"-"purple" (s 1.0 and 1.6, respectively), "yellow"-"white" (s 0.6) and 1.0, respectively), and "white"-"yellow" (s 1.0 and 0.6, respectively).
B. Results Figure 6 shows the discrimination function in the presence of two s adapting chromaticities [top row, "purple"-"yellow"
(s 1.6 and 0.6) and "yellow"-"purple" (s 0.6 and 1.6) pairs; middle row, "purple"-"white" (s 1.6 and 1.0) and "white"-"purple" (s 1.0 and 1.6); bottom row, "yellow"-"white" (s 0.6 and 1.0) and "white"-"yellow" (s 1.0 and 0.6)]. The measured S-cone discrimination functions were different from the results in Experiment 1 with equal l and s chromaticities in both adapting fields, indicating a joint contribution from the two adapting fields. The model fits, by integrating spectral opponency signals along the two edges, could describe the data reasonably well (R 2 0.477-0.999 for observer DC or 0.712-0.975 for observer JG). The fitted weights of inner/outer fields indicated that the two observers had different inner-outer dominance patterns (Table 2) . For observer DC, the "white" adapting field always dominated the other field if the pairs consisted of a "white" adapting field; otherwise the outer field dominated the inner field. For observer JG, the outer field always dominated if the pairs consisted of a "white" adapting field; otherwise the "yellow" field dominated.
DISCUSSION
This study demonstrated that S-cone discrimination in the presence of two adapting fields was determined by KCpathway processing between the test and both adapting fields. The modeling results indicated that fitting S-cone discrimination data required a PC-pathway input to the KC-pathway processing for a high s adapting chromaticity of 1.0 or 1.6. In addition, the PC-pathway input strength decreased with increasing L-relative to M-cone excitations and a strong PC-pathway response increased KC-pathway contrast gain. This study also found that there was no PC-pathway input to the KC pathway for a low s adapting chromaticity of 0.6. These results are consistent with previous findings that the S-cone pathway receives L-versus M-cone opponency input from long-wavelength lights [18] . One fundamental question is where the neural locus is for combining the PC-and KC-spectral signals. McLellan and Eskew [18] modeled the KC-pathway spectral response by combining S-, L-, and M-cone excitations as
Their equation also included PC-opponency input to the KC pathway. In their equation, the L-versus M-opponency signal was thought to be a divisive inhibition or gain control, leading to a stronger KC-pathway spectral response with a larger value of the PC-opponency signal. Equation (17) implies a retinal original since the L-versus M-opponency signal affects the subtractive or inhibitory term only that feeds into S-bipolar cells in the retina to generate a KC-spectral opponency signal. In contrast, in Eq. (11) presented here, the PC-spectral signal was combined linearly with KC-spectral signals arising from the test and adapting fields, with a larger PC signal leading to a larger combined response. Equation (11) suggests a postretinal combination of PC and KC signals. Given that the PC signal has the same sign as the KC signal and there is little L∕L M input to the bistratified ganglion cell responses [7] , the integration of KC and PC signals is most likely mediated by a postretinal mechanism.
In the presence of two adapting fields, the integration of KC-pathway spectral signals from two adapting fields must be due to a postretinal mechanism as well. The receptive fields for bistratified ganglion cells are not large enough to integrate the signals for the large stimuli used in this study. A nearly one-to-one projection from the ganglion cell level to the LGN [31] indicated that summing of the two spectral opponency signals from two adapting fields is not likely to be mediated by a retinal mechanism.
When one adapting field had a different l chromaticity from the test and the other adapting field, the field with a different l chromaticity or a "white" always dominated the contribution, similar to the findings on L∕M discrimination [30] . It has been suggested that the S-cone pathway has poor spatial location information [41, 42] . Further, luminance contrast enhances blue-yellow signals in S-cone driven neurons in Macaque V1 through a nonlinear mechanism that combines nonopponent (luminance) and opponent signals [44] . There are cortical color-opponent neurons that receive S-cone as well as L-or Mcone inputs [9, 45, 46] . Therefore, adding an l contrast may change the response level of these cortical neurons to enhance the edge information and provide more influence to S-cone discrimination. In fact, in Experiment 3, when the two adapting fields differed only in s chromaticities, the inner-outer field dominance patterns were not consistent among observers, further suggesting uncertain spatial information from KC-pathway processing. The effect of an l contrast on S-cone discrimination also indicated the L-versus M-opponency signal is processed separately from the S-versus (L M) signals at retinal processing and then combined at a later site such that the L-versus M-opponency signal could enhance spatial location information for S-cone discrimination. In this sense, Eq. (11) is more plausible than Eq. (17) to account for postretinal combination of PC-and KC-spectral signals.
Taken together, the study indicated PC-pathway input to the KC pathway in S-cone discrimination and a cortical mechanism integrating KC-pathway signals from two adapting fields to determine the discrimination threshold.
